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Abstract. This paper continues the work presented by Ballantyne and Powell (2013) to measure the minimum breakage energy 
of rocks. Three types of tests can be conducted for particle characterization: single sided impact, double sided impact and slow 
compression. A wide range of rocks sizes (1 – 11.2 mm) have been impacted using single impact and double impact machines 
at a wide range of energy levels (0.04 – 0.27 kWh/t). To obtain breakages for fine particles, monolayers have been impacted 
using meticulously aligned parallel impactors. The relationship between the energy input and - 75 µm generated were compared 
and correlated.  Previous studies found that double impacts are less efficient than single impacts. The relationship of 
comparison is tested with the new data using - 75 µm produced which is also an indicator of surface area measurements. The 
double impact test results have extended the size specific energy methodology to fine sizes (- 4 mm), so as to produce significant 
quantities of minus 75 micron material. 
Keywords: Comminution, Energy, Double Sided Impact 
 
INTRODUCTION 
The relationship between energy consumed for size 
reduction and extent of breakage is of prime 
importance in comminution. This relationship is 
envisaged in the present study in the form of size 
specific energy (SSE). The SSE is the energy 
consumed, during a comminution event to generate 
particles of less than predefined size. SSE was first 
applied by Hukki (1979) Levin (1992) and termed by 
Powell, Morrison et al. (2003-2010). In previous 
studies, the marker particle size used for measuring 
SSE was - 75 µm. The SSE is expressed in kilo watt 
hour per ton of new minus 75 µm generated (kWh/t 
- 75 µm). This marker size was also used to estimate 
the surface area generated during comminution (Musa 
and Morrison 2009) (Hilden and Suthers 2010) 
(Ballantyne, Peukert et al. 2014). Thus, the Rittinger 
law of comminution (Rittinger 1867), where the energy 
consumed during size reduction is proportional to the 
new surfaces generated, holds true. 
There are significant benefits of accurately estimating 
the efficiency, or inefficiency, of mining’s most energy 
consuming process that is comminution (Napier-
Munn 2014). The specific energy consumption of 
comminution equipment/circuits can be compared 
with the specific energy consumption in an element 
test/standard test in laboratory (Kwade 2015). The 
methodology proposed here is to compare the SSE 
measured onsite with the SSE measured in an accurate 
standardised test that can be applied across a wide 
range of size fractions and breakage energy levels.  
Three options can be considered to investigate rock 
breakage testing: single sided impact, double sided 
impact and slow compression (Tavares and das Neves 
2008). Schönert (1972) showed that the most energy-
efficient way to break a rock was to place it between 
two opposed rigid platens and apply a load until the 
specimen fails. Schonert also showed that single 
particle breakage, opposed to multiple particle testing, 
is more accurate (Schönert 1972) avoiding losses due 
to inter-particle friction and inter-particle energy 
transfer.  
Nadolski, Klein et al. (2014) proposed a methodology 
to measure the practical minimum energy consumed 
for particle breakage using slow compression of 
particles between a rigid bases and hardened steel 
piston. Other studies (Ballantyne, Peukert et al. 2014)  
presented the methodology of measuring SSE by 
breaking particles in a single sided impact equipment. 
These authors reported the SSE as a measure of 
competence of an ore. It was also found that the 
testing methodology of single sided impact had 
limitations for the finer size less than 250 µm (Barrios, 
de Carvalho et al. 2011). 
The present study explores the feasibility and results 
obtained with an improved testing methodology using 
double sided impact breakage to measure the SSE. 
Nadolski, Klein et al. (2014) compared multi-particle 
compression tests with single particle tests by 
neglecting particle-particle interactions. In addition, 
Barrios (2011) showed extension of the single particle 
breakage tests by bed breakage. Thus, the 
methodology described in this paper is using 
monolayer particle bed breakage to extend and 
compare the SSE measurements with previous studies 
using single sided impact breakage. 
METHOD 
The experimental set up was aimed to analyse the ores 
to establish the relationship between percentage of 
- 75 µm material produced and the energy consumed 
by double impact breakage. The aim was to analyse the 
ore samples of wide size range impacted with wide 
range of energy levels. A drop weight testing set up was 
used for double sided breakage. Since, testing fine 
fractions less than 1 mm is practically very difficult in 
a single particle breakage. Therefore, a methodology of 
monolayer particle breakage was devised to emulate 
the results of single particle breakage. In the monolayer 
particle breakage, a monolayer of particles is impacted 
between meticulously aligned anvil and flat impactor. 
Sample Preparation 
A copper-gold ore from an USA mine was used for the 
experiments. Since, the results of single sided breakage 
were available on the same ore from previous studies 
(Ballantyne, Peukert et al. 2014). It facilitated direct 
comparison of SSE results from two different types of 
breakage. 
One of the concerns with the monolayer bed breakage 
was the uniform application of pressure on the layer of 
particles. Thus, great care was taken in sample 
preparation. The sample was sieved to generate the 
narrow size fractions varying from 40 mm to 100 µm 
such that upper sizes of the fractions follow the 
geometric progression of root 2. 
Device 
The Short Impact Load Cell (SILC) developed by 
Bourgeois and Banini (2002) was modified to develop 
the monolayer particle breakage experimental set-up. 
The SILC was based on the concept of Hopkinson 
(1914) bar and provides information about absorbed 
energy aspects of single-particle breakage.  
The experimental device consists of an anvil with 
collector cup made of plastic, linear guides with 
changeable set of cylindrical flat impacting weights and 
a pneumatic drop weight release system. Great care 
was taken during design for the proper alignment of 
system to pass on uniform force along the whole 
particle bed area. Furthermore, the alignment was 
checked using high speed camera and impact 
impressions on the carbon paper. 
Linear guides were used to meticulously achieve the 
proper alignment. As a result, there was energy loss 
while dropping of the weight. Hence to get accurate 
relation energy input and -75 µm material produced, 
energy loss was calculated for different heights and 
drop weight masses by measuring the speed of 
impactor just before impact using high speed camera 
videos. Consequently, a model of actual speed was 
developed with drop weight and theoretical speed as 
inputs.  
𝐴𝐴𝐴𝐴 =  −249 + 3.37 ∗ √𝐷𝐷𝐷𝐷 + 0.98 ∗ 𝑇𝑇𝐴𝐴 
Where,  
AS is actual speed of impactor (mm/s) 
DW is weight of impactor (g) 
TS is theoretical speed of impactor (mm/s) 
The drop height for corresponding actual energy was 
calculated by equating potential energy of drop weight 
and considering losses.  
 
Figure 1 Monolayer particle breakage - drop tester 
 
Procedure 
The weight of material forming monolayer was worked 
out by considering the anvil area occupied by one 
particle as the area taken by square of side twice of the 
diameter of particle. This avoids inter-particle 
interactions.  
 
Figure 2 Arrangement of particle of calculated weight 
Great care was taken while collecting the sample and 
screening to reduce customary sample losses. A newly 
designed small screening system was used for the 
 accurate screening of small masses. The amount of -75 
µm product was calculated by subtracting the mass of 
+ 75 µm product by the original sample. As a result of 
this methodology, there was no need to evaluate mass 
loss, assuming that all the mass lost is from -75 µm 
fraction. Furthermore, the coarser size fraction 
classified in optical sizing equipment of made Particle 
Analyzer CAMSIZER® P4 (Retsch 2014). In addition 
to the recoding of mass, energy and size distributions; 
the signal from the single impact load cell system was 
also recorded, but analysis of the same in not purview 
of this publication. 
 
RESULTS 
Previous work has shown the relationship between 
generation of -75 µm material and specific energy 
applied in single-sided impact devices (Hukki 1979) 
(Levin 1992) (Hilden and Suthers 2010) (Musa and 
Morrison 2009) (Ballantyne, Peukert et al. 2014). The 
objective was to compare the size specific energy 
results of single-sided impact with double-sided 
impact. The result of percentage - 75 µm generated 
with specific energies for a range of geomean sizes is 
displayed in Figure 3. The screened close size fraction 
samples were tested with three specific energies of 
0.04, 0.12 and 0.27 kWh/t to obtain produced 
percentage of - 75 µm material. The percentage of 
- 75 µm generated increases with the specific energy in 
a relatively linear fashion. Though, high variance is also 
observed in the data.  
 
 
Figure 3 - 75 µm generated value for three energies and 10 
size fractions 
Investigating the dependence of - 75 µm material 
generated with the initial size of ore, a linear trend with 
negative slope is observed in Figure 4. Production of 
- 75 µm material is less for lesser energies.  
Interestingly, the production of 75 µm material for a 
fix specific energy input is higher for finer particles 
which is in line with the past studies using single-sided 
impact breakage (Ballantyne, Peukert et al. 2014). The 
cause is that finer particles undergo less reduction ratio 
to produce - 75 µm particles. 
 
 
Figure 4  Variation of % - 75 µm generated material at 
different energies with geomean size 
 
SSE75 is the kWh/t of energy used for unit production 
of – 75 µm material. The SSE75 for double sided 
impact breakage is calculated from the breakage tests 
on the monolayer particle breakage device. It is plotted 
with the SSE75 data of the same ore from the single 
sided tests in Figure 5 (Ballantyne, Peukert et al. 2014). 
The trends showed the similarity between the two 
different tests. However, double impact breakage test 
is consistently less efficient than single sided impact 
breakage test. Data shown in Figure 5 showed that the 
double sided impact breakage consumes an extra of 2.8 
kWh/t of energy to produce a unit of – 75 µm 
material. Though, variance of double sided impact 
tests in monolayer particle breakage device is higher 
than that of from single sided breakage tests. 
 
 
 
 
 
 
 
0
1
1
2
2
3
0 0.1 0.2 0.3
%
 -7
5 
µm
 g
en
er
at
ed
Specific Energy (kWh/t)
10.32 mm 8.72 mm 7.32 mm 6.18 mm
5.16 mm 4.36 mm 3.06 mm 2.17 mm
1.54 mm 1.09 mm
0
1
2
1 10
%
 -7
5 
µm
 g
en
er
at
ed
Geomean Particle Size (mm)
0.27 kWh/t 0.12 kWh/t 0.04 kWh/t
 Figure 5 Comparison of SSE of single sided impact and double sided impact tests 
DISCUSSION 
Theoretical milling efficiencies considering the energy 
use in generation of new surfaces  were reported in the 
ranges of less than 2% (Lowrison 1974) (Tavares and 
King 1998) (Fuerstenau and Abouzeid 2002). It 
considers both mandatory/non-reducible and reducible 
losses. Theoretical efficiency is practically very low and 
can be misleading in appropriate indication for 
improvement to save energy in comminution. Previous 
studies from the authors have shown the use of SSE75 
as an indicator for practical energy consumption for 
comminution equipment and circuits. Determining SSE 
is convenient for both industrial comminution circuits 
and laboratory tests. Single particle breakage tests were 
used in determining practical minimum SSE. 
Monolayer particle breakage can be a potential test for 
complimenting the limitation of earlier available tests 
for testing on sizes finer than 250 µm. 
The monolayer particle breakage test is less efficient 
than single particle tests, while the consistent loss can 
be used as factor to simulate single particle test results 
from monolayer tests. 
The inefficiency of the discussed experimental setup 
can be justified and corrected by considerations of 
removal of unbroken particles from energy calculations. 
Recorded single impact load cell signals will be used for 
indication of  wasted energy going to the static steel 
anvil. 
The t10 is the proportion of material that passes a screen 
1/10th the size of the original particles that is also a 
parameter for ore competence. Figure 6 showed the 
trend of t10 % values with size for three different 
energies. The t10 % values are higher for the higher 
energy levels for the same original geomean size, which 
indicates the higher breakage for higher energy impacts. 
Moreover, for a same energy level the t10 % values keep 
on decreasing with the geomean size of the sample. 
That is indicating the lesser breakage in finer sizes. In 
other words, the relation shows higher ore competence 
of finer fractions which is in contrast with the results of 
– 75 µm shown in Figure 4. As stated earlier, this is due 
to low reduction ratio for finer fractions to produce 
– 75 µm material.  
 
Figure 6 Comparison of t10 % produced at three different 
specific energies 
Using SSE for measuring energy efficiency has its 
advantages of easier to calculate at site and in 
laboratory, but inappropriate indication of ore 
competence for finer sizes give it a setback. The SSE 
methodology needs to be worked out by using some 
factor to make it more robust. 
 
CONCLUSION 
Monolayer particle breakage test can be used to 
simulate SSE results of single particle tests for fine 
particle less than 250 µm. The test can be used to extend 
the measure of practical SSE that can be a basis to 
evaluate practical energy efficiency of comminution 
equipment and circuits to induce energy savings.  A 
y = 4.2213ln(x) + 11.606 y = 4.0531ln(x) + 8.7766
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 consistent loss of 2.8kWh/t – 75 µm has been noticed 
in the developed test over single-sided impact tests. The 
SSE methodology has to be more refined to consider 
competence of finer sizes. 
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